Noncollinear magnetic moments in antiferromagnets (AFM) lead to a complex behavior of electrical transport, even to a decreasing resistivity due to an increasing temperature. Proper treatment of such phenomena is required for understanding AFM systems at finite temperatures; however first-principles description of these effects is complicated. With ab initio techniques, we investigate three numerically feasible models of spin fluctuations (magnons) influencing the transport in AFM CuMnAs. We numerically justified a fully relativistic collinear disordered local moment approach, whose uncompensated generalization reliably describes spin fluctuations, including anisotropy of electrical transport, in a wide temperature range. A saturation or a decrease of resistivity caused by magnons, phonons, and their combination (above approx. 400 K) was observed and explained by changes in electronic structure. Within the coherent potential approximation, our finite-temperature approaches may be applied also to systems with impurities, which are found to have a large impact not only on residual resistivity, but also on canting of magnetic moments from the AFM to the ferromagnetic state.
Introduction
The rise of antiferromagnetic spintronics [1] brought about renewed interest in 'old' materials where aspects previously disregarded have now become important. One of the those materials, which has been known [2] to be an antiferromagnet (AFM) since 1980's and has only recently been identified as a system with locally broken inversion symmetry [3] -a precondition for the observation of staggered spin-orbit torques [4] , a novel means of manipulation of magnetic moments in AFMs -is CuMnAs in its tetragonal phase. Detailed understanding of its transport properties is desirable and, with the prospect of using it under conditions of industrial applications [5, 6] allowed by its relatively high Néel temperature T N ≈ 490 K [6, 7] , effects of chemical and temperatureinduced disorder (phonons and magnons) should be included in the model. The alloy analogy model (AAM) has recently been implemented [8, 9, 10] within the tight-binding linear muffin-tin orbital (TB-LMTO) method with the coherent potential approximation (CPA) and used to describe ferromagnetic (FM) half-Heusler NiMnSb at finite temperatures [11, 12] . Previous studies of other groups employing the AAM are based on i) the CPA and the Korringa-Kohn-Rostoker (KKR) method with the Kubo-Bastin equation [13, 14, 15 ] and on ii) supercells with the TB-LMTO method and the Landauer-Büttiker formula [16, 17] , but they focus on transition metals. Relativistic generalization of the disordered local moment (DLM) approach within the KKR-CPA-AAM framework was introduced in a study of temperature dependence of magnetic anisotropy [18, 19] .
On the experimental side, we note that orthorhombic phase of CuMnAs exists, see Ref. [7] for a phase diagram. Here we focus on tetragonal CuMnAs, which is stabilised by growth on suitably chosen substrates. Recent ab initio research on tetragonal CuMnAs [20] has dealt with transport properties in less complex situations, from the point of view of disorder. Here, we i) investigate magnetic moments canted towards the FM state by external magnetic field or other techniques [21] , ii) compare various finite temperature contributions to electrical transport properties, which may play a role in measurements, and iii)
show combined effect of phonons and magnons occuring under real experimental conditions. Because of the complexity of AFM magnetic structure, we also discuss three models for spin disorder.
Formalism, Methods, and Models
The fully relativistic TB-LMTO method with the multicomponent CPA and the atomic sphere approximation [22] is used in this study. For electrical transport, calculations in a framework of the Kubo linear response theory [23] with CPA-vertex corrections [24] and a uniform mesh of at least 8 · 10 6 k−points was used; increasing the number to 13 · 10 6 resulted in corrections smaller than one percent of the resistivity value. LSDA+U approach with nonzero Hubbard U is employed for d-orbitals of Mn atoms, similarly to [11] implemented within the scalar-relativistic TB-LMTO approach [25] .
Finite-temperature atomic vibrations are approximated by frozen phonons.
Atomic displacements (root-mean-square displacements u 2 , later shown in the units of Bohr radius a B ), were related to temperature using the Debye theory with zero-temperature fluctuations omitted [8, 9, 13] . This is a good approximation unless we focus on extreme temperatures such as those occuring in Earth's core [26, 27] . The spdf-basis, necessary for inclusion of atomic displacements, was used for most of our calculations.
Both geometry and lattice constants were taken from literature (structure "II" in Ref. [20] ) and the same values are used for all compositions and temperatures: lattice parameters of bulk P4/nmm CuMnAs are a = b = 3.82Å and c = 6.318Å. Components of the resistivity tensor ρ xx , ρ yy , and ρ zz (shown later) correspond to resistivities along a, b, and c, respectively. Debye temperature of Θ D = 274 K, measured for an orthorhombic sample [28] , was used for the lack of experimental data for tetragonal CuMnAs.
In a separate work [29] , various types of chemical disorder are discussed in detail while here, we investigate only prototypical and reasonable [7] Magnetic moments on the two Mn sublattices lie in the a − b plane pointing in two opposite directions with respect to each other [20] . In a framework of non-collinear magnetism, we assume two modifications of the AFM ground state: (a) Magnetic moments may be canted towards each other by an angle φ so that the moments subtend an angle of π − 2φ, see Fig. 1 (a). The AFM and FM states correspond to φ = 0 and φ = π/2, respectively. This approximates a rotation of the moments towards a common direction, e.g., under effect of external magnetic field. (b) Finite-temperature spin fluctuations are simulated by three models, described in detail in the next subsection 2.1. We note that the canting and fluctuations may be combined in order to obtain a state influenced by both nonzero magnetic field and finite temperature (not shown here).
Models of magnetic disorder
To describe spin fluctuations, we employ a collinear uncompensated DLM (uDLM) approach and a tilting model, which were used for FM NiMnSb [11] and [12] . Moreover, we introduce their combination, later called "tilting uDLM".
For schematic illustration, see Fig. 1 
The collinear uDLM model is an extension of the widely used DLM method [30, 31, 32] with two concentrations c + and c − = 1 − c + of magnetic atoms on the same sublattice but with opposite magnetic moments. The tilting model effectively assumes four mathematically distinguishable atoms (treated within the CPA) having their moments on a cone (with the vertex angle θ); axis of the cone is the equilibrium direction [11] .
While the tilting model with θ = π/2 results in a maximally disordered state for FM systems, the situation is more complicated for AFM ones because of combined effect of more magnetic sublattices. Moreover, it results in a different temperature dependence of magnetic moments and, consequently, electrical transport as compared to the collinear uDLM [11] . Separately for each Mn sublattice, θ = π/2 gives the moments lying in a plane, to which the groundstate direction is perpendicular. These planes are parallel for the two AFM sublattices; therefore, Mn moments are not antiparallel in the original direction any longer. Phenomenologically, the maximal spin disorder for the two sublattices should be around θ ≈ π/4, when the different Mn moments points against each other in a combination with a larger spin disorder on each sublattice, but there is no easy way to determine θ for the maximally disordered state for AFM materials.
Because of that, we introduce the tilting uDLM model: each fluctuating moment is represented (within the CPA) by ten atoms, one heading towards the original direction, e.g., a vector (1, 0, 0), second one to the opposite, similarly to the collinear uDLM to (−1, 0, 0), and eight others towards (±1, ±1, ±1). Among the three models, this one describe anisotropic material behavior in the best way.
The original direction has concentration of 1 − 9c θ and nine others c θ ; unlike the tilting model, two opposite cones for each moments are now constructed with fixed vertex angle of θ = π/4. In contrast to the collinear uDLM approach, the fluctuating moments are now distributed to more directions, which may play a role, e.g., for an anisotropic electrical transport. Moreover, in contrast with the tilting model, c θ may be now increased to 0.1 (the maximal spin disorder) and it does not lead to a possibility of the moments on different atomic sites being aligned.
We note, that the tilting uDLM model is similar to approach used for fully relativistic investigation of Fe within the DLM model with 26 directions of the moment [33] , but now with variable concentrations and applied to tetragonal structure. In the scalar-relativistic case, the compensated collinear DLM method can be justified analytically (see Appendix of Ref. [33] ) but for the fullyrelativistic approach with uncompensated concentrations and non-collinear moments, the treatment of multiple magnetic moments has to be done numerically.
Magnetizations of the Mn sublattices as a function of temperature were calculated [20] , which can be used to connect parameters describing spin fluctuations to temperature value similarly to the FM case [11] . Basis for any further theoretical study is a sound band structure of the perfect crystal. To this end, there is a broad consensus in literature that tetragonal
Results

Electronic structure
CuMnAs is a metal with low DOS at the Fermi level (earning it sometimes the qualifier of a semimetal). The most direct experimental probe into its band It has been demonstrated [34] that density functional theory (DFT) calculations give better agreement with optical and photoemission spectra when extended to DFT+U and Fig. 2 shows how the band structure and DOS depend on the value of U (the two leftmost panels show, at U = 0, that extending our basis to spdf has only minor effect on the band structure). Around the Fermi level, the largest differences among these calculations occur close to M and X. From our results, the spdf -basis and U = 0.20 Ry band structure in Fig. 2(d) is closest to Ref. [34] . Also, comparison to nonrelativistic quasiparticle-selfconsistent GW (QSGW) [35] calculation in Fig. 3(a) is favourable; the absence of band splitting is caused by the omission of spin-orbit interaction effects. On the other hand, adding empty spheres (see Fig. 3 (b) for U = 0.00 Ry), does not significantly modify the band structure, i.e., it differs only slightly from Fig. 2 (a) . Under strong magnetic field, originally antiparallel moments may be forced to cant towards the field direction. To study this effect, we plot the difference between the total energy of a state with canted moments (in the a − b plane) and the energy of the AFM ground state in Fig. 5 . Both Mn magnetic moments ( Fig. 5 -left axis) behave equivalently and the energy differences ( Fig. 5 -right axis) were confirmed to have a correct symmetry with respect to φ = 0.5π. Mn local magnetic moments are practically unchanged; for stoichiometric CuMnAs, the moments are lowest for the AFM state and there is a minimum in the range of φ from 0.20π to 0.3π for Cu-rich systems. However, this is not observed for the energy differences, which leads clearly to the AFM configuration being The large difference in the energies implies, that it is unlikely to experimentally observe a state with significantly canted moments by applying physically reasonable external fields. For example, an estimation of the magnetic field required to cant the moments to φ = 0.2π results in B ≈ 50 T.
Electrical transport with canted moments
A large anisotropy of electrical transport is obtained for CuMnAs, regardless orientation of magnetic moments and other conditions. The longitudinal inplane resistivity ρ xx may be as many as seven times smaller than the out-ofplane (ρ zz , crystallographic direction c) one, which is in agreement with Refs.
[29] and [36] . Especially ρ zz can reach values of a few hundreds of µΩ cm, which is much more than what is usually observed for metallic systems. These facts are compatible with the layered structure of CuMnAs as well as with its semimetallic nature.
Magnetic moments probably cannot be canted easily by external magnetic fields (see Fig. 5 for energy differences from the AFM state), but it is still interesting to investigate such states because of, e.g., manipulation of moments by electric currents [21] . In Fig. 6 , 
Electrical transport with spin fluctuations
Electrical resistivity for three models of magnetic disorder is shown in Fig. 7 : [20] with temperature T , these values roughly correspond to T =230 K, 240 K, and 220 K, respectively. Similarity of these temperatures indicates the physical analogy of the three models.
The tilting model, Fig. 7 (a) , has the most linear-like dependence of the resistivity on the temperature among the models. Therefore, small variations of θ close to the undistorted system results in the smallest change of the local magnetization and, consequently, the smallest dependence of temperature and resistivities in the parameter θ. The collinear uDLM model, Fig. 7 (b) , assumes the moments only in the in-plane direction, which may give not completely realistic anisotropy of the transport. Therefore, we calculated maximally disordered DLM state (c − = 0.5) with antiparallel moments on each sublattice along ±a, ±b, and ±c directions: these three cases were found to have elements of the resistivity tensors different by less than 0.1 % (comparable with numerical errors), which leads to a conclusion, that the collinear uDLM is suitable for study of anisotropy. Moreover, we present results for the tilting uDLM model in Fig. 7 (c): the model has moments more equally distributed (with cubic symmetry instead of the tetragonal one). Results for the collinear uDLM and tilting uDLM models are almost identical, which numerically justifies the simpler collinear uDLM approach.
While the collinear and tilting uDLM approaches give almost the same results, they differ from the tilting model, especially at low temperatures. [37] . We note, that weakly temperature-dependent behavior with negative slope above T N was observed for polycrystalline orthorhombic CuMnAs [28] .
Electrical transport with phonons and impurities
To study the decrease of resistivity due to temperature-induced increase of the DOS at E F in more details, we present a combined effect of spin fluctuations and atomic displacements in Fig. 8 . In contrast to Fig. 7 , it was obtained with the spdf −basis required because of the displacements; it is the reason for slightly different values for u 2 = 0.00 a B . The displacements separately cause a large increase of the DOS at the Fermi level ( Fig. 4) viates from Matthiessen's rule; therefore, such room-temperature value may be realistic, but the treatment of finite-temperature effects and chemical impurities together remains a topic for further study [29] .
Conclusions
We have presented an ab inito investigation of electronic structure and electrical transport in tetragonal AFM CuMnAs. For a treatment of nonzero temperatures, we have employed the CPA-AAM with with frozen phonons and three models of magnetic disorder; obtained data agree well with experiments from literature and the technique is proved to be useful for AFM systems. Because both phonons and magnons are treated within the CPA, there is no significant increase of numerical expenses, compared to zero-temperature calculations. TB-LMTO band structure in LSDA+U approach is compared to the GW results and the best correspondence is found for U = 0.20 Ry. Substantial canting of magnetic moments by external magnetic field is probably not achievable; therefore, related decrease of resistivity should not play an important role in experiments. Saturation of ρ xx and decrease of ρ zz in CuMnAs was observed for temperatures above room temperature, which is not common for metallic systems, but it can be explained by increasing DOS at E F . For reasonable conditions of room temperature and chemical disorder featured by additional 5 % of Cu atoms on Mn-sublattices, the largest separate contribution (among impurities, magnons, and phonons) to the resistivity is coming from spin fluctuations.
The tilting model of the spin fluctuations agrees well with the measured slope of ρ xx (T ). We considered also collinear and tilting uDLM approaches; they appear to overestimate the resistivity in the low temperature regime, since already for low temperatures they include moments oriented drastically differently from each other, leading to a strong scattering. For temperatures T 0.5T N , the results from all three methods are rather close and we have also numerically justified the collinear uDLM, including the anisotropy of the resistivity. Therefore, even the most simple collinear uDLM method thus provides a good description for the cases of high spin disorder.
